Abstract-In this paper the thermal properties of diamond composites with ceramic bonding phases, such as the Ti-Si-C system with nanometric Ti(CN) and TiB 2 are presented. The thermal conductivities of the materials were analyzed by the laser pulse method. In addition, computational simulations of the temper ature dependence on the distance from the cutting edge were performed according to the finite element method for the investigated composites, commercial PCD, and hypothetical diamond monocrystal. Two cutting speeds were considered during the numeric computations: 100 and 200 m/min. To verify the sim ulations, the TNGA 160408 cutting insert, which was prepared from the investigated diamond composites and commercial material, was employed. Dry turning tests of titanium alloy were conducted. The temper atures during the machining processes were observed using a thermovision camera, and the surface rough ness was measured after the tests. The computational simulations confirmed the strong dependence between the thermal properties of the cutting material and the temperatures within the cutting zone. The temperature measurements during the dry cutting tests reveal significantly higher temperatures than the temperature measurements achieved during the simulations. DOI: 10.3103/S1063457617010063 Keywords: diamond ceramic composite, thermal properties, cutting tools, turning. Polycrystalline diamond (PCD), which is sintered by the HP HT method, is the most popular form of dia mond tool materials. For cutting tool edge applications, diamond compacts have been employed since the early 1970s. Katzman and Libby have investigated liquid phase sintering of the diamond-cobalt system [3] . Hibbs and Wentorf have developed a method of cobalt infiltration into diamond layers under high pressure conditions [4] . Diamond powders were sintered and simultaneously bonded to a WC-Co substrate by infiltra tion of Co from the substrate. The carbide substrate is very useful for tool producers as it enables brazing to the tool body. Sufficiently high wettability of diamond materials by molten metal fillers is the principal require ment for successful brazing. The most popular commercial PCDs consist of two layer materials with a cobalt phase. Cobalt provides adequate wetting of diamond crystallites. This property enables the production of com pacts, which are characterized by a low amount (below 10 wt %) of bonding phase and produce high hardness. The benefit of the utilization of binder materials for the sintering of diamond compacts is three fold: a reduc tion in the sintering temperatures and pressures, cleaning of the diamond surface of graphite, and the electrical discharge cuttability for tool making [4] . These materials are characterized by a special microstructure that is
INTRODUCTION
Synthetic diamond can be fabricated by chemical vapour deposition (CVD) or high temperature and pres sure (HP HT) synthesis. During HP HT synthesis (at approximately 5-6 GPa, 1670-1770 K) submicromet ric and micrometric diamond powders are primarily obtained from carbon precursors. Large diamond crystals or polycrystals are employed for cutting tool applications. The chemical composition and properties of the synthetic diamond obtained using the high pressure high temperature method are dependent on the type of the catalyst [1] . In 1958, Hall disclosed the possibility of fabricating polycrystalline diamond by high pressure and high temperature sintering of diamond powder with additives of refractory metals, transition metals, and other materials [2] .
Polycrystalline diamond (PCD), which is sintered by the HP HT method, is the most popular form of dia mond tool materials. For cutting tool edge applications, diamond compacts have been employed since the early 1970s. Katzman and Libby have investigated liquid phase sintering of the diamond-cobalt system [3] . Hibbs and Wentorf have developed a method of cobalt infiltration into diamond layers under high pressure conditions [4] . Diamond powders were sintered and simultaneously bonded to a WC-Co substrate by infiltra tion of Co from the substrate. The carbide substrate is very useful for tool producers as it enables brazing to the tool body. Sufficiently high wettability of diamond materials by molten metal fillers is the principal require ment for successful brazing. The most popular commercial PCDs consist of two layer materials with a cobalt phase. Cobalt provides adequate wetting of diamond crystallites. This property enables the production of com pacts, which are characterized by a low amount (below 10 wt %) of bonding phase and produce high hardness. The benefit of the utilization of binder materials for the sintering of diamond compacts is three fold: a reduc tion in the sintering temperatures and pressures, cleaning of the diamond surface of graphite, and the electrical discharge cuttability for tool making [4] . These materials are characterized by a special microstructure that is 1 The text was submitted by the authors in English.
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Vol. 39 No. 1 2017 composed of fine initial diamond grains surrounded by the metal and new, very small and recrystallized dia mond crystals. Polycrystalline diamond based tool materials with metal solvent/catalyst binders, such as cobalt, are extensively used for wire drawing dies, rock drilling bits [5] , and stone cutting segments in cutting applications [6] . Studies have been performed to investigate the use of PCD tools for very precise machining applications, such as the ultraprecision cutting of WC-Co [7] and the micro core drilling of circuit boards and fiber rein forced composites [8] . Note that Co containing PCDs are chemically stable at temperatures below 970 K; however, working temperatures may be higher. Due to the extensive use of these materials and temperature limitations (from the current use of metallic binders), the development of new bonding phases in diamond composites is significantly needed. One of the possibilities for increasing the thermal resistance of PCD mate rials is the reduction of the cobalt bonding phase content by sintering without metal solvent/catalyst or without any additional binding material. The solution involves the preparation of the materials with a nonmetallic bonding phase and without the negative effects of the bonding phase (such as diamond graphite solvent cata lyst) on diamond graphitization. Although commercial PCDs are very hard and extremely wear resistant, their poor thermal stability causes decomposition at high temperatures. Instead of dissolving carbon in the cobalt bonding phase, other materials can be employed, for example Ti 3 SiC 2 and TiB 2 . The addition of the thermally resistant phase to diamond (PCD) can facilitate the use of the diamond cutting edge at higher tem peratures to obtain a higher resistance not only to graphitization but also to oxidation at elevated temperatures. New types of composites, which consist of micron sized diamonds with borides, were investigated with regard to their resistance to high temperatures below 1070 K, such as the temperature in the cutting zone (the area of the tool material, which is in contact with the workpiece) [9] . Carbides are not thermally resistant bonding phases for diamond materials due to their low oxidation temperatures. The thermal resistance of diamond composites is more dependent on the oxidation process compare with the graphitization process. CO gas evo lution during diamond composite oxidation destroys the integrity of the composite microstructure [9] .
The temperature in the cutting zone is one of the most important parameters that affect cutting perfor mance. Temperature influences the feasibility of high cutting speeds, feeds, depth of cut and the tool life. It influences the productivity and economic efficiency of production indirectly but significantly. Heat balance is a form of energy balance, and total heat in the cutting zone consists of heat in the workpiece, heat in the tool, heat in the chip and exhausted heat. The temperature of a chip has the highest value as it also consists of the heat from deformation. A smaller amount of heat is received by the tool (consists of the part of the heat from deformation and the part of the heat from the friction between the tool surface and the transitional area of the workpiece) [10] . Crucial properties of cutting tool material include hardness and strength, which must be maintained at elevated temperatures (hot hardness); toughness is needed to prevent tools from chipping or fracturing, especially during interrupted cutting operations; and wear resistance is critical to obtain an accept able tool life before the tool needs to be replaced [11] .
Diamond content and diamond grain size distribution are carefully controlled to provide the correct bal ance of wear resistance and toughness [1] . For cutting materials with a bonding phase other than cobalt, ther mal properties are subjected to change. Ceramic materials exhibit a differentiation of properties, such as ther mal and electrical conductivities, hardness, abrasive wear resistance and corrosion resistance, resistance to temperature change and chemical inertness towards the workpiece material. These characteristics influence the type of machining and are important for metal cutting process modeling. Thermal properties are impor tant for diamond tool materials due to oxidation and graphitization processes. Tool temperature has a signif icant influence on the tool wear. New and thermally resistant bonding phases in PCD type materials may improve their thermal resistance and tribological properties; as a result, they may have influence on the tem perature generated in the cutting zone. Different wear mechanisms, such as abrasion, adhesion, micro crack ing and fatigue, have been employed to explain the flank wear of PCD tools; however, the wear of PCD tools is not completely understood [12] . A high resistance to oxidation and the phase transition bonding phase for diamond composites improves the temperature resistance of the tools, whereas changing the coefficient of friction can generate more heat in the cutting zone. In addition to the TiB 2 bonding phase for diamond com pacts, the diamond compact with the Ti-Si-C-TiCN (n) bonding phase and the commercial PCD with cobalt bonding phase were also investigated.
EXPERIMENTAL

Materials
First, the mixtures containing 80 wt % diamond (3-6 μm MDA, Element Six), 15 nanometric Ti(CN) (Neomat Co, Lithuania) powders were prepared. The second material was prepared using the same diamond powder with 10 wt % of titanium diboride (American Elements, <100 nm) and 2% Co (Sigma Aldrich, 2 μm). The mixtures were pressed into cylindrical shapes of 15 mm diameter at 90 MPa. Next, they were sintered using a Bridgman type high pressure apparatus at 8.0 ± 0.2 GPa and a temperature of 2070 ± 50 K. The samples were heated in an internal graphite heater with an inside diameter of 15 mm. The third material was the commercial PCD that contains 88 wt % of diamond (with an average grain size of 4 μm), 10 wt % of Co and 2 wt % of WC. Some of these materials properties are presented in the table.
*Average measurement for three samples. **Average of five hardness measurements, the statistical significance α = 0.05.
The density was measured using the hydrostatic method. Hardness measurements were performed with a Vickers apparatus at 9.8 N loads. Young's modulus was measured using the ultrasonic method.
Diamond with TiB 2 and Co composite is the most resistant to the hardness changes at elevated tempera tures from the materials investigated in [9, 14] . This material maintains a high hardness value at temperatures below 1070 K. For the diamond with the Ti-Si-C-N bonding phase, the hardness decreases above 940 K, this is similar to the commercial PCD material with the cobalt bonding phase [9, 14] . For diamond with TiB 2 + Co and for commercial material with a Co bonding phase, a participation of tungsten (W is the additive from the milling process) is evident. WC influences the decrease of the thermal resistance of the materials. The diamond + TiB 2 + Co composite bonding phase after sintering also contains W 2 CoB 2 . This compound is thermally stable and very hard; it also significantly decreases the coefficient of friction [14] .
Thermal Properties
Heat measurements were performed on a Netzsch LFA 427 apparatus. The thermal diffusivity and con ductivity were determined by the laser pulse method (LFA) using "Cape Lehman + pulse correction" calcu lations model offered by the Netzsch software [15, 16] . The test program was conducted in argon flow as ref erenced in the program measurements presented in Fig. 1 . The laser voltage was 480 V; the pulse width was 0.8 ms; and the flow rate of argon was 150 ml/min. The diameter of the samples was 10 mm, and the thickness was approximately 4 mm. If the value for thermal conductivity is unknown, it can be calculated from the thermal diffusivity, the density and the specific heat capacity of the material.
Heat capacity can be measured with the LFA method by comparing the temperature rise of the sample to the temperature rise of the reference sample of known capacity tested under the same conditions [15] . This temperature rise is recorded during the diffusivity measurement, so specific heat can be calculated from the same data with a suitable calibration. To determine the specific heat with LFA method, the Pyroceram 9606 and Inconel patterns with known coefficients of thermal expansion and specific heat were used as the refer ence. The specific heat of the diamond composite was calculated from equation implemented in the Netzsch LFA 427 software documentation:
, where c p -specific heat of samples/reference patterns, J/gK; T-samples/reference pattern temperature, K; Q-energy absorbed by the sample/reference pattern, J; V-amplitude of the signal gain of the sample/refer ence pattern; ρ-apparent density, g/cm 3 ; D-thickness of samples, mm; d-diameter of samples/reference pattern measurement area, mm.
Numerical Computation of Temperature at the Cutting Edge
The numerical computations were performed according to the finite element method [17] . The computa tional simulations were conducted for the investigated diamond composites and hypothetical diamond Selected properties of diamond composite with ceramic bonding phase [13, 14] Composition, wt % Density*, g/cm 3 Hardness** H V , GPa Young modulus, GPa 80% diamond + 15% (Ti-Si-C) + 5% nano TiCN 3.5 ± 0.01 49.6 ± 3.6 706 ± 18 93% diamond + 5% TiB 2 +2% Co 4.04 ± 0,01 66.6 ± 2.9 834 ± 23 88% diamond + 10% Co + 2% WC (commercial) 4.13 ± 0.01 75.5 ± 7. 
Temperature Measurements during Turning of Titanium Alloy
The TNGA 160408 cutting insert was prepared from the investigated diamond composites. The Thermo vision camera type Flir SC 620 with Therma CAM Researcher software was employed for the temperature measurements during the dry cutting tests (turning) for the Ti 6 Al 4 V alloy workpiece. The following cutting parameters were applied: cutting speed v c = 30-200 m/min, feed f = 0.105 mm and depth of cut a p = 0.5 mm. The test also measured the surface roughness.
RESULTS AND DISCUSSION
Due to the high melting temperatures of the ceramic bonding phases, higher temperatures are required for the sintering process (maximum temperature of 2670°K and pressure of 7.8 GPa were used) for the diamond ceramic composite compared with the cobalt bonding phase.
Natural diamond has a higher thermal conductivity than any other known material [18] . For synthetic dia mond, the thermal conductivity is in the vicinity of 1000 W/mK. The thermal conductivity of the composites obtained from the natural particulate diamond with a size in the range of 10 to 14 μm was approximately 500 W/mK [10] . For the polycrystalline synthetic diamond that contains a maximum of 1.5 % impurities and inclusions, with a size range of 10 to 14 μm, the thermal conductivity is approximately 190 W/mK [19] . The thermal conductivity at room temperature for commercial diamond compacts with a maximum cobalt bond ing phase of 10 vol % is in the range of 150 to 600 W/mK [20] . The thermal properties of the interface that separate the diamond particles and the properties of the bonding phase are very significant for the thermal conductivity of the diamond ceramic composite [21] . The thermal conductivities of the refractory metals and the carbides usually range from 7-170 W/mK. The thermal conductivity of SiC is in the range 40-145 W/mK, whereas the thermal conductivity of TiC is 21 W/mK [22] . The presence of these ceramics decreases the ther mal conductivity of the diamond composite. A low value of thermal conductivity for the cutting edge affects the presence of polycrystalline grain boundaries and their incoherency. High thermal conductivity ensures rapid heat transfer from the cutting zone and is less affected by the changes in the surface of the diamond tools. The thermal conductivities for the investigated materials are presented in Fig. 2 . Diamond-TiB 2 -Co has a much higher thermal conductivity than diamond-Ti-Si-C-TiCN (n) , which have a thermal conductivity at room temperature of 205 W/mK and 74 W/mK, respectively. Diamond with TiB 2 addition is characterized by a significant decrease of the thermal conductivity with an increase in temperature, despite a thermal conduc tivity of 156.5 W/mK at 873 K. At this temperature, the composite with the addition of Ti-Si-C and TiCN had a thermal conductivity of approximately 64 W/mK.
The computational simulations were performed for materials with 64 and 156 W/mK of thermal conduc tivity (which corresponds to the thermal conductivity of the investigated materials at 873 K) and the hypothet ical diamond monocrystal (1000 W/mK). Figure 3 shows the temperature dependence on the distance from the cutting edge (in the direction of the rake and the relief face) for the turning process using the following parameters: cutting speed v c = 200 m/min, feed f = 0.1 mm/rev and depth of cut a p = 0.5 mm. This compu tational simulation reveals that temperatures at the cutting zone attain temperatures of 973, 870 and 510 K for materials with thermal conductivities of 64, 156 and 1000 W/mK, respectively. These calculations confirm the strong dependence between the thermal properties and the temperatures that are generated in the cutting zone.
Figures 4 and 5 were also prepared using computational simulations for diamond composites with thermal conductivities of 156 and 64 W/mK. The temperature dependence on the distance from the cutting edge for 100 and 200 m/min cutting speeds for the materials is shown. The lower value of the cutting speed influences the lower value of the cutting edge temperature. However, the machining processes at low cutting speeds are less effective.
Many parameters influence the machining process and temperature at the cutting zone. For example, the temperature in the cutting zone is dependent on the tool geometry, the machining parameters, the cutting forces, the friction between the tool and the workpiece material and the thermal and mechanical properties of both the workpiece and the cutting material. In Fig. 6 , the maximal measured temperatures for the dependence on cutting speed are presented for inves tigated materials. The lowest temperature values were obtained for the composite that consists of 93% dia mond with 5% TiB 2 and 2% Co. For the material with a Ti-Si-C-TiCN system bonding phase, the highest temperatures were recorded for cutting speeds that ranged from 40 up to 80 m/min; tool failure occurred at speeds above this speed range.
Thermovision measurements indicated a temperature of approximately 1000 K at the cutting zone at a cut ting speed of 100 m/min for both diamond-TiB 2 -Co and the commercial material. For the v c of 200 m/min, maximal temperatures of 1220 and 1450 K were attained for the composite with the titanium diboride bonding phase and the commercial cutting insert, respectively. The temperatures measured during the dry turning tests of titanium alloy are significantly higher than the temperatures indicated by the computational simulations, which may be due to the low thermal conductivity of Ti6Al4V alloy and its high affinity for the cutting inserts [23] .
The roughness of the workpieces after turning (Fig. 7) for the 93% diamond +5% TiB 2 +2% Co and the commercial material are very similar. Above 50 m/min, no significant changes in roughness correspond to an increase in cutting speed; the roughness ranges from 0.5 to 1 μm despite temperatures above 1400 K at higher cutting speeds. Surface roughness after titanium alloy turning with the use of diamond-Ti-Si-C-TiCN was significant with considerable improvement of the surface quality with an increase in cutting speed.
CONCLUSIONS
The temperature generated in the cutting zone for the composite with 5% TiB 2 and 2% Co is very similar to the commercial material with a cobalt bonding phase; for both of these materials, the roughness of the tita nium alloy after turning is comparable.
For the cutting material with carbides (with a Ti-Si-C-TiCN system bonding phase), the temperature in the cutting zone is substantially higher, the roughness decreases with an increase in cutting speed and tool fail ure occurs at cutting speeds above 80 m/min.
The temperatures indicated by the computational simulations are significantly lower than the temperatures measured during the dry cutting tests; however, the temperature tendencies are comparable. 6 . Maximum temperature in the cutting zone for the dependence on cutting speed for diamond-Ti-Si-C-TiCN, dia mond-TiB 2 -Co and commercial composite: 80% diamond + 15% (Ti-Si-C) + 5% nano TiCN (1), 93% diamond + 5% TiB 2 + 2% Co (2), 88% diamond + 10% Co + 2% WC (commercial) (3). 
